A prolonged sojourn above 5500 m induces muscle deterioration and accumulation of lipofuscin in Caucasians, probably because of overproduction of reactive oxygen species (ROS). Because Sherpas, who live at high altitude, have very limited muscle damage, it was hypothesized that Himalayan natives possess intrinsic mechanisms protecting them from oxidative damage. This possibility was investigated by comparing the muscle proteomes of native Tibetans permanently residing at high altitude, second-generation Tibetans born and living at low altitude, and Nepali control subjects permanently residing at low altitude, using 2D gel electrophoresis and mass spectrometry. Seven differentially regulated proteins were identified: glutathione-S-transferase P1-1, which was 380% and 50% overexpressed in Tibetans born and living at high and low altitude, respectively; ∆ 2 -enoyl-CoA-hydratase, which was up-regulated in both Tibetan groups; glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase, which were both slightly down-regulated in Tibetans born and living at high altitude; phosphoglycerate mutase, which was 50% up-regulated in the native Tibetans; NADH-ubiquinone oxidoreductase, slightly overexpressed in Tibetans born and living at high altitude; and myoglobin, which was overexpressed in both Tibetan groups. We concluded that Tibetans at high altitude, and to some extent, those born and living at low altitude, are protected from ROS-induced tissue damage and possess specific metabolic adaptations.
of muscle, including wasting and the accumulation of degradation products such as lipofuscin (6, 7) resembling the processes observed in senescent tissues (8) and in patients with chronic obstructive pulmonary disease (9) . Thus, it would appear that high-altitude populations display adaptive changes protecting them from consequences of chronic hypoxia exposure (10, 11) . These deleterious effects are mediated by hypoxia-inducible factor 1α (HIF-1α) (12) , a transcription factor stabilized by low oxygen levels and modulated by nitric oxide (NO) (13) . Thus, the role of HIF-1α in the regulation of genes involved in the hypoxic response at the hemopoietic, pulmonary, vascular, and muscular level may differ between high-and low-altitude residents.
In the present study, we have used proteomic methods previously developed in our laboratories (14) to investigate the mechanisms protecting muscle against damage and/or maintaining muscle function during exercise in chronic hypoxia. The advantage of a proteomic rather than a transcriptomic approach is that protein expression levels are measured directly, rather than being inferred from abundance of the corresponding mRNAs, which are imperfectly correlated to protein concentration (15, 16 ) because of variable rates of synthesis and differences in message stability (17) . Thus, we set out to analyze protein expression in muscles of subjects with different altitude exposure history. Tibetans are ideal candidates for such investigation because their altitude exposure as an ethnic group may date back 25,000 years. We compared a first-generation population of Tibetans permanently residing at high altitude to second-generation Tibetans born and living at low altitude and to Nepali control subjects permanently residing at low altitude.
We have measured differential expression of muscle proteins in these groups as well as correlations between protein variants and quantitative changes in some of the corresponding mRNAs, and we have investigated possible links between mRNA of hypoxia-responsive genes (HIF-1α, nitric oxide synthases [e-NOS and n-NOS]), and differentially expressed proteins. We have also looked for protein/aldehyde adducts, which may be biomarkers for cell damage caused by lipid peroxidation products such as 4-hydroxynonenal (4-HNE)
MATERIALS AND METHODS

Subjects
Twenty-four volunteers participated in the study, which was carried out in accordance with the principles outlined in the 1989 declaration of Helsinki after approval of the ethics committees of the collaborating institutions. Testing was performed within the facilities provided by the Tibetan Refugee Reception Center at Kathmandu (at an altitude of 1300 m). The subjects were firstgeneration Tibetans (Tib1; nine males, aged 18-23 years) born and living between 3500 and 4500 m until 5-30 days before the measurements; second-generation Tibetan migrants (Tib 2, six males, aged 18-20 years) born and living at 1300 m; and Nepali control subjects (N, nine males, aged 18-20 years) born and living at 1300 m.
Muscle sampling
Biopsies (15 mg; either one or two) were obtained from the middle of the vastus lateralis muscle with a 14 G Monopty disposable biopsy needle (C.R. Bard, Inc., Murray Hill, NJ) and were immediately frozen in liquid nitrogen.
Protein electrophoresis
Two-dimensional gel electrophoresis (2 DE) was performed on samples from six subjects in each group. For the analytical gels (first dimension), 18 cm, pH 3-10, nonlinear IPG strips (Amersham Biosciences, Piscataway, NJ) were rehydrated for 12 h at 30 V/cm in a buffer consisting of 7 M urea, 2 M thiourea, 2% CHAPS, 65 mM 1,4-dithiothreitol, and 0.5% Pharmalytes 3.5-10 (Amersham Biosciences) containing 125 µg of the protein sample (18, 19) . Strips were focused at 20°C, 43,000 V·h at a maximum of 8000 V using the IPG Phor system (Amersham Biosciences). For the second dimension, IPG strips were equilibrated for 20 min in 6 M urea, 2% SDS, 20% glycerol, 375 mM Tris/HCl, pH 8.8, 65 mM 1,4-dithiothreitol, and 135 mM iodoacetamide. The separation was performed in a 12% T, 2.5% C constant concentration polyacrylamide slab gels. Fixed gels were silver stained (20) , scanned, and analyzed with Image Master 2D Elite software (Amersham Biosciences).
For semipreparative gels, the sample loading was increased to 400 µg; other conditions were unchanged. The silver stain protocol was modified by omitting glutaraldehyde from the sensitization step and formaldehyde from the silver impregnation step (21) . After staining, the spots were manually excised and destained as described previously (14) .
Gel comparison and statistical analysis
To evaluate the reproducibility and to improve the reliability of the qualitative and quantitative changes in protein expression, we analyzed the samples in triplicate. Normalized spot volumes of individual proteins were obtained and expressed as means ± SD. Statistically significant differences between groups for each protein were computed by ANOVA followed by post hoc Bonferroni test adjustment. The level of significance of difference was set at P < 0.05.
Protein identification
In-gel digestion with trypsin of the differentially expressed proteins was performed according to published methods (21) (22) (23) (24) modified for use with an Investigator ProGest (Genomic Solutions, Huntington, UK) robotic digestion system. Mass spectra were recorded using a Q-TOF mass spectrometer (Micromass, Manchester, UK) interfaced to a Micromass CapLC capillary chromatograph. Samples were dissolved in 0.1% aqueous formic acid, injected onto a 300 µm × 15 mm Pepmap C18 column (LC Packings, Amsterdam, the Netherlands), and eluted with an acetonitrile/0.1% formic acid gradient. The capillary voltage was set to 3500 V, and datadependent MS/MS acquisitions were performed on precursors with charge states of 2, 3, or 4 over a survey mass range of 540-1000. The collision gas was argon, and the collision voltage was varied between 18 and 45 V depending on the charge-state and mass of the precursor. Initial protein identifications were made by correlation of uninterpreted tandem mass spectra to entries in SWISS-PROT and TREMBL, using ProteinLynx Global Server (V 1.0, Micromass). When this approach failed, amino acid sequences were deduced manually from the charge state deencrypted spectra and searched against the NCBI's nonredundant database using BLAST (25) .
mRNA quantitation
RNA was extracted from three Tibetan and three Nepali controls by the single-step acidguanidinium isothiocyanate-phenol chloroform extraction method (26) . The RNA was reversetranscribed (RT-PCR), and cDNA was specifically amplified using the following primer sequences: GST P1-1 (5′-AGAGCTGGAAGGAGGAGGTG-3′, 5′-TACAGGGTGAGGTCTCCGTC-3′), ECH (5′-ACCTCTGCTTGGAGAGGACA-3′,5′-GCATCTGTATGAAGGCAGCA-3′), Mb (5′-GCACCTGAAGTCAGAGGACC-3′, 5′-GCTTGCTCTGCAGAACCTGG-3′), HIF-1α (5′-GAGATGCAGCCAGATCTCGG-3′, 5′-TACGTGAATGTGGCCTGTGC-3′), e-NOS (5′-GACGCTACGAGGAGTGGAAG-3′, 5′-TGACTGAGTAGTACCGGGGC-3′), and n-NOS (5′-CTCTGCCTCCTGTCCTTGTC-3′, 5′-GACTTCAGTGGCTGAGGGAC-3′). 18S RNA, the expression level of which is unaffected by hypoxia (27) , was used as a control in the semiquantitive reaction. Comparison of 18S RNA and actin mRNA levels showed that whereas actin underwent significant concentration variations in both Tibetans and Nepali, 18S RNA was quite constant. Fluorescently labeled amplified products were separated by capillary zone electrophoresis (CZE, Bio-Rad, Hercules, CA) in a 37 cm coated capillary filled with a 2% hydroxyethyl cellulose (HEC) in borate buffer (pH 8.3, 200 V/cm). The fragments of interest were quantitated using 18S RNA as an internal standard (28) .
Protein immunoblotting
To assess indirectly in Tibetans the development of possible protective mechanisms against lipid peroxidation, we separated 50 µg of total protein extracts from subgroups Tib 1 and Nepali (n=3) with a pH 3-10 nonlinear IPG strip and transferred them to nitrocellulose. The membranes were incubated with polyclonal anti 4-HNE protein adducts (1:10,000 as primary antibody, Vinci Biochem, Firenze, Italy, and a 1:2000 peroxidase conjugate anti-rabbit, as secondary antibody) and fluorescently detected (29) . Myoglobin (Sigma, St. Louis, MO) and 4-HNE-treated myoglobin were used as negative and positive controls, respectively. Figure 1 is a typical 2 DE map of the vastus lateralis muscle of a Nepali control subject. Spots that varied significantly between the three groups are indicated.
RESULTS
Seven differentially expressed proteins were identified: glutathione-S-transferase p (GST P1-1, EC 2.5.1.18), an enzyme catalyzing the detoxification and cytoprotective reactions; ∆ 2 -enoylCoA-hydratase (ECH, EC 4.2.1.17), a fatty acid oxidase; glyceraldehyde-3-phosphate dehydrogenase (GAPDH, EC 1.2.1.12), a NAD-dependent enzyme responsible for the conversion of glyceraldehyde-3-phosphate to glycerate-1-3-bisphosphate; lactate dehydrogenase (LDH, EC 1.1.1.27), the enzyme catalyzing the reduction of pyruvate to lactate; phosphoglycerate mutase (muscle form, PGA, EC 5.4.2.1), the enzyme converting glycerate-3-phosphate to glycerate-2-phosphate; NADH-ubiquinone oxidoreductase (NUGM, EC 1.6.5.3), an enzyme of the respiratory chain; and myglobin.
The results of the differential analysis appear in Figure 2 . GST P1-1 is ~380% and 50% more highly expressed in Tib 1 and Tib 2, respectively, compared with Nepali controls. Enoyl-CoAhydratase is greatly up-regulated in Tib 1 (400%) and Tib 2 (250%) compared with Nepali. Among glycolytic enzymes (Fig. 2) , GAPDH and LDH are down-regulated in Tib 1 and are similar in Tib 2 and Nepali, whereas PGA is ~50% more highly expressed in Tib 1 compared with Tib 2 and Nepali. NUGM appears to be ~30% overexpressed in Tib 1 compared with Tib 2. Myoglobin is detected as three isoforms (see Fig. 1 ) corresponding to well-known aminoacid substitutions (30) . The form with pI of 7.29 is over 100% more abundant in Tib 1 compared with Nepali and is ~30% higher in Tib 2 than in Nepali.
The RNA transcripts of GST P1-1, ECH, and myoglobin from Tib 1 are compared with those from Nepali in Figure 3a . The transcript of GST P1-1 was ~80% higher in Tib 1 than in Nepali, whereas no significant differences were detected for ECH and myoglobin despite significantly increased protein expression.
Parenthetically, the RNA transcripts of HIF-1α, e-NOS, and n-NOS-the main genes involved in adaptation to hypoxia-behave differently in Tib 1 and Nepali (Fig. 3b) . In the high-altitude Tibetan group, HIF-1α appears to be 60% down-regulated, n-NOS is 40% up-regulated, and e-NOS is unchanged compared with the Nepali.
To establish the functional significance of the up-regulation of GST P1-1 in high-altitude Tibetans, we compared levels of 4-hydroxynonenal (4-HNE) protein adducts, which are generated by hydroxyl radicals and ROS attack of lipid membranes (31) , in this group and in the Nepali controls (Fig. 4 ). It appears that both groups have similar amounts of 4-HNE protein adducts, despite differing exposure to hypoxia.
DISCUSSION
Subjects and samples
The average time at low altitude before muscle sampling from high-altitude volunteers ranged from 5 to 30 days, and averaged 17. During this period, some of the functional adaptations to lifelong hypoxia might have undergone partial reversal. The tissue could also have incurred some oxidative damage due to increased production of hydroxyl radicals (32).
For ethical reasons, thin (14 G) biopsy needles were used. Thus, for the majority of subjects, only 15 mg of muscle (1.8 mg protein) were available, so either protein or RNA could be analyzed, but not both. Hence, the arbitrary separation of the subjects into two subgroups, one for proteome analysis, comprising six from each Tibetan group and six Nepali controls, and a smaller group of three high-altitude Tibetans and three Nepali, for quantitation of specific mRNAs.
The muscle protein differential expression: analysis and significance
The increase in GSTs, particularly the fourfold increase of the P1-1 isoform, in high-altitude Tibetans compared with Nepali (Fig. 2) , is the most striking result from the present study. This increase in GST protein was accompanied by an up-regulation of its mRNA transcript (compare Fig. 2 and 3 ). This enzyme, by conjugating reduced glutathione (GSH) to a range of electrophilic acceptors, plays an important role in cellular detoxification (31, 32) . Glutathione depletion has been reported in cultured cells exposed to acute hypoxia (33,) presumably as a result of enhanced production of reactive oxygen species (ROS) (34) and a concomitant increase in conjugation of GSH (35) . The P1-1 isoform of GST was also 50% higher in the low-altitude Tibetan group compared with Nepali controls and may represent a persistent genetic trait.
The accumulation of lipofuscin, a recognized biomarker for exposure to HO· and other radicals, in muscle of Caucasian mountaineers exposed to extreme altitude, provides indirect evidence of oxidative damage (6, 7). Native high-altitude Sherpas, a population ethnically and environmentally similar to Tibetans, are characterized by much less lipofuscin accumulation than acclimatized Caucasians, the concentration in Sherpa muscle tissue being similar to that of Caucasian mountaineers before high-altitude exposure (see Table 1 ) (6). The reduced lipofuscin accumulation in Sherpas could be a consequence of increased GST P1-1 expression, as observed in the Tibetans in the present study. Moreover, the observation that the concentration of protein adducts detected by specific antibodies is not significantly different between first-generation Tibetans and Nepali controls (Fig. 4) despite the higher exposure to ROS expected in the former, suggests that increased GST P1-1 favors removal of aldehydes (31, 36) .
Enoyl-CoA hydratase (ECH), an intra-mitochondrial enzyme involved in β-oxidation of fatty acids, appears to be significantly up-regulated in both Tibetan groups, compared with Nepali controls (Fig. 2) . This may indicate enhanced flux of acyl-CoA through the mitochondrial membrane, which is consistent with reports of 50% decreased intra-myocellular fat content in high-altitude Sherpas (10, 37) . The fact that the low-altitude Tibetan group also has significantly increased ECH compared with the Nepali controls, despite similar nutritional habits, seems to indicate a genetic basis for the preferential utilization of lipids. The increase of ECH is not accompanied by a parallel up-regulation of its RNA (see Fig. 2 and 3a) , possibly because of altered message stability (38, 39) . The three glycolytic enzymes differentially expressed in highaltitude Tibetans (Fig. 2 ) are known to be transcriptionally regulated by HIF-1α (12) . GAPDH and LDH appear to be down-regulated in Tib 1 compared with Tib 2 and Nepali controls. The levels in the latter two groups were similar, which is consistent with a previous report that LDH activity is similar in both (5). These findings are compatible with the parallel drop of [La b ] max observed in high-altitude natives, including Tibetans, and could account for the so-called "lactate paradox," in which glycolysis is reduced in chronic hypoxia (40) . In contrast, PGA is significantly increased in high-altitude Tibetans compared with low-altitude Tibetans and Nepali whose levels are similar (Fig. 2) . The discrepancy in concentration between PGA, GAPDH, and LDH may be attributable to low levels of phosphoglycerate kinase (PGK), which was not detected in the proteomic reference map. This enzyme, which is induced by HIF-1α, catalyzes the interconversion of glycerate-1,3-bisphosphate and glycerate-3-phosphate. If PGK is, like GAPDH and LDH, down-regulated in chronic hypoxia, the consequent partial blockade of the glycolytic pathway could be bypassed by increased substrate flux from the alternative reaction catalyzed by PGA, leading to accumulation of glycerate-2,3-bisphosphate. The latter molecule plays an important role in O 2 transport and may therefore be functionally relevant in highaltitude populations. NADH-ubiquinone oxidoreductase is another enzyme up-regulated in Tib 1 compared with both Tib 2 and Nepali controls (Fig. 2) , suggesting a persisting efficiency of the aerobic metabolic machinery, in agreement with the conclusions by Gnaiger et al. (41) .
Of the three myoglobin isoforms normally expressed in human muscle (Fig. 1) , only that with pI of 7.29 is up-regulated in the high-altitude (100%) and to a lesser extent in the low-altitude Tibetans (30%) compared with the Nepali group (Fig. 2) . A 16% increase in myoglobin levels was reported 40 years ago by Reynafarje (42) in an Andean population living at 4400 m. It is possible that myoglobin has other roles besides oxygen storage and transport, for example, regulation of nitric oxide (NO) at the microvascular and tissue level (43, 44) . Indeed, NO was found to be greatly increased at altitude in the expired air of Tibetan natives compared with acclimatized Caucasians (45) . Because myoglobin is also increased in the second-generation Tibetans, its elevation may represent a persistent genetic trait. However, screening limited to exon 2 of the myoglobin gene has not revealed any novel polymorphisms (46) . Figure 3b shows that HIF-1α mRNA is significantly down-regulated in high-altitude Tibetans compared with Nepali, hence, one could expect a down-regulation of this messenger also at altitude. Low HIF-1α mRNA levels are compatible with the restricted reaction rates along the glycolytic pathway (4).
As also shown in Figure 3b , e-NOS and n-NOS mRNAs, which were differentially expressed, are elevated in high-altitude Tibetans compared with Nepali despite the descent of the former to low-altitude before sampling. Small amounts of NO could also modulate mitochondrial ATP production (47).
The results presented here highlight the adaptive response of muscle, the largest protein store of the body, during high-altitude acclimatization and indicate that high-and low-altitude populations adopt different metabolic strategies to ameliorate the consequences of oxidative stress.
General observations
One of the most striking differences between acclimatized lowlanders and high-altitude natives, particularly Sherpas, is the much greater extent of muscular damage from ROS in the former, the main features being a drastic reduction of mitochondrial mass and the accumulation of lipofuscin (4, 6) . The observation in the present study that the GST P1-1 concentration is fourfold higher in high-altitude Tibetans than in Nepali lowlanders, but that levels of basic aldehydes (4-HNE) are similar in both, indicates that high-altitude populations may detoxify ROS more efficiently than acclimatized lowlanders.
However, significantly higher GST P1-1 levels are also found in low-altitude Tibetans who have never experienced chronic hypoxia, which suggests that this higher enzyme activity may have a genetic basis. Experiments aimed at identifying origin and characteristics of such metabolic adjustments in altitude natives at the genomic level are in progress. The muscular deterioration observed in hypoxia-exposed lowlanders presents striking analogies with aging-induced muscle wasting and may therefore be a useful model system.
A further novel result is the increased activity of ECH in both Tibetan groups compared with the Nepali. Thus, it would appear that fat metabolism in highlanders is enhanced rather than suppressed, as hypothesized by one of us (H. Hoppeler, ref 37) . A switch to lipid metabolism could optimize the use of body energy stores during sustained physical activities such as mountaineering and may also aid thermoregulation. From the standpoint of pulmonary gas exchange, however, the relative increase of fat metabolism beyond a certain level may be disadvantageous (lower PaO 2 ) even though high-altitude populations regulate gas exchange differently (48) .
Another interesting finding is the up-regulation of the pI of 7.29 isoform of myoglobin in both Tibetan groups. Myoglobin is known to interact with NO, possibly sequestering it in the tissues (49, 50) . Low NO concentration stimulates mitochondrial biogenesis and, consequently, aerobic metabolism (47, 51) . Thus, the extremely low figures of mitochondrial volume density found in the muscle of highlanders (Sherpas and Andeans) living at altitude (40) could be an adaptive feature to a permanent lack of oxygen. In fact, a reduction of mitochondrial mass in hypoxia could limit muscle damage via decreased oxidative metabolism and ROS production. A finding that is compatible with this hypothesis is that Caucasian mountaineers also undergo a striking reduction of mitochondrial volume density after 8-10 wk of exposure to extreme altitude (6).
The body reacts to hypoxia by NO-modulated HIF-1α expression of hypoxia-inducible genes in order to reestablish an adequate O 2 flux to the tissues and to optimize metabolic processes. The erythropoietic response of lowlanders and natives with a relatively short history of hypoxia or intermarriage with lowlanders (e.g., Andean populations) leads to an excess of O 2 carrying capacity, which balances hemodynamic adaptations such as decreased maximal cardiac output and peripheral blood flow. By contrast, both Tibetan groups, after altitude acclimatization, are characterized by lower hemoglobin concentrations than those in Caucasians and Andeans, higher HbO 2 % saturation at maximum exercise in hypoxia, maximal heart rate levels close to those of lowlanders at sea level, and VO 2 max values similar to, or higher, than those of sea level Caucasian controls. Higher VO 2 max levels in high-altitude natives might also be the consequence of enhanced electron flux through the respiratory chain (13) . High-altitude natives living above 4000 m are characterized by relatively low maximal blood lactate levels, in contrast to Caucasians, who, after a transient drop of [La b ] max , revert to their higher pre-altitude [La b ] max levels (52) . The latter change has been attributed to a transient impairment of oxidative metabolism, possibly due to muscle wasting (6), which does not seem to affect high-altitude natives or lowlanders after several years of acclimatization.
In conclusion, a proteomic analysis of muscle tissue from high-altitude populations has highlighted the mechanisms by which they adapt to hypoxia, prevent tissue damage from ROS, and optimize metabolic control, thereby facilitating physical activity under extreme conditions.
NOTE
Muscle lipofuscin accumulation in acclimatized Caucasians, before and after 8-10 wk of exposure to altitudes above 5000 m, was assessed previously by our group (6) . In the context of the present study, this analysis was extended to a group (n=5) of high-altitude Sherpas for whom muscle samples were available from a previous work (10) . The samples were processed for electron microscopy by fixation in a 6.25% solution of glutaraldehyde as described previously (53) . Morphometry of these samples was carried out on cross-sections from four randomly chosen tissue blocks from each biopsy. A magnification of ×30,000 was used to estimate the fractional volume of lipofuscin in myofibers. Systematic sampling was used for all stereologic procedures. Some 500 visual fields were analyzed in each biopsy using a nine-point test system lying in the picture plane of the electron microscope, in order to determine the reference volume (muscle fiber) directly on the microscope. If the structures of interest (lipofuscin, lf) appeared within the defined measuring area, a micrograph was taken for later detailed analysis. Out of 100 visual fields that were analyzed, some 12 micrographs were taken (Fig. 5) . The stereological evaluation of these micrographs was made with a grid B100f, (400 test points) as indicated in ref 54 . All stereological variables were obtained according to standard procedures. Thus, reliable volume densities of lipofuscin were obtained also in Sherpas and compared with those of sea level and acclimatized Caucasians. It appears that the former are characterized by significantly lower pigment accumulation than the latter (see Table 1 ). Table 1 Lipofuscin content of Caucasian mountaineers (n=7) before and after an expedition to the Himalayas 
